ABSTRACT We analyzed the prevalence of hemagglutination inhibition (HI) antibodies to St. Louis encephalitis (SLE) virus in wild birds during the 1990 SLE epidemic in Indian River County. The initial presence of SLE HI antibody was associated signiÞcantly with modeled drought 15 wk prior, wetting conditions 1 wk prior, and the emergence of the Florida SLE virus vector, Culex nigripalpus, 5 wk prior. Our Þndings indicated that three factors conspired to create the 1990 epidemic: (1) a large population of susceptible wild birds; (2) severe springtime drought, which facilitated ampliÞcation of the SLE virus among the Cx. nigripalpus and a portion of the wild bird population; and (3) continued rainfall and wetting of the land surface in the summer and early fall, which sustained a large, host-seeking Cx. nigripalpus population. The continued biting and reproductive activity of Cx. nigripalpus maintained epizootic transmission throughout the summer and early fall in Indian River County. The high level of SLE virus ampliÞcation resulted in spillover transmission to humans. We hypothesize that without the continued reproductive activity of the vector mosquito, brought about by excessive summer and fall wetness, the unprecedented SLE virus ampliÞcation and consequent transmission to humans would not have been realized in 1990.
THE ANNUAL DYNAMICS OF St. Louis encephalitis (SLE) virus transmission in south Florida can be divided into four phases: JanuaryÐMarch maintenance; AprilÐJune ampliÞcation; JulyÐSeptember early transmission; OctoberÐDecember late transmission (Day and Curtis 1993) . The ampliÞcation phase involves the epizootic cycling of the SLE virus between mosquito vectors and avian ampliÞcation hosts. AmpliÞcation is necessary to achieve mosquito infection rates sufÞcient to cause human epidemics (McLean and Bowen 1980) . In Florida, wild birds serve as the primary ampliÞca-tion host of SLE virus (Day and Stark 1999) .
Recently, we analyzed historical sentinel chicken seroconversion datasets from Indian River County for 1986 Ð1991. Seroconversion of sentinel chickens, as measured by hemagglutination inhibition (HI) antibodies to SLE virus, was correlated strongly with the occurrence of clinical disease in humans (Day and Stark 2000) . We used a dynamic hydrology model (Stieglitz et al. 1997 ) to hindcast mean area water table depth (WTD) in Indian River County during 1986 Ð 1991, and compared this model simulation to the sentinel chicken seroconversion data. Using logistic regression, we found that the probability of sentinel chicken seroconversion (a measure of the transmission incidence of SLE virus) was associated strongly with low WTD 17 wk prior and a higher WTD 2 wk prior (Shaman et al. 2002a) .
A rationale for this empirical relationship was indicated by mosquito collection data, also taken in Indian River County during 1986 Ð1991. Cx. nigripalpus Theobald is the demonstrated enzootic and epidemic vector of SLE virus in south Florida (Chamberlain et al. 1964 , Dow et al. 1964 , Shroyer 1991 . Collections of Cx. nigripalpus were made in the densely vegetated ÔhammockÕ habitats used by this species for daytime resting. During the driest conditions (low modeled WTD) preceding heavy SLE virus transmission, Cx. nigripalpus collections dramatically increased (Shaman et al. 2002a) (Fig. 1) . Rather than indicate an increase in mosquito abundance, these data indicate that drought restricts Cx. nigripalpus activity to the hammock habitats. Extreme drought periods in south Florida tend to occur during the spring, a time when nesting wild birds also make use of the hammocks. Therefore, it appears that drought drives the mosquitoes and birds into focal contact with one another. This forced interaction of vector mosquitoes and susceptible avian ampliÞcation hosts provides an ideal envi- Subsequently, when the drought ends and water resources increase, infected mosquitoes and birds disperse from the hammocks and initiate the early transmission phase of the Florida SLE cycle. Nightly ßight of Cx. nigripalpus is favored by high relative humidity (Dow and Gerrish 1970) . Blood feeding (Day and Curtis 1989) and oviposition (Day et al. 1990 ) by this species are signiÞcantly correlated with daily rainfall. In addition, both the total abundance of Cx. nigripalpus (Day and Edman 1988) and their emergence (Day and Curtis 1993) have been shown to cycle with rainfall levels.
In the current study, we expand on the approach presented by Shaman et al. (2002a) , applying the same methodologies to predict rates of seroprevalence among wild birds in Indian River County, the epicenter of the 1990 Florida SLE epidemic (Day 2001) . The effects of both modeled WTD and Cx. nigripalpus abundance and emergence are considered, and used to build an empirical model of ampliÞcation and transmission of SLE virus in the avian population.
Materials and Methods
Avian Collection and Sampling. The wild bird collections, taken in Indian River County and spanning the 1990 epidemic, were not made with the current study in mind. In fact, we only have weekly samples of wild birds for 1990. We have yearly totals for 1989 and 1991, and no data for 1986 Ð1988. Consequently, the current study is restricted to 1990 Ñthe year of the epidemic.
The primary wild avian collection site was located at the Florida Medical Entomology Laboratory (FMEL) in Vero Beach (27Њ 34ЈN, 80Њ 22ЈW). This site was an open area immediately adjacent to a four ha Florida coastal hammock habitat. Three elevated seed-baited platforms, each holding two quail traps (Kness, Albia, IA), were maintained at the FMEL site throughout 1990. Traps were set and monitored from 0800 to 1700 hours during most days. An additional elevated seed-baited platform holding two quail traps was maintained seven km northwest of the FMEL site in an open area adjacent to a slash pine habitat.
Six Japanese mist nets (2.1 ϫ 18.3 m, 3.8 cm mesh; Avinet, Dryden, NY) were maintained and monitored at the FMEL site most weekdays during spring (MarchÐMay) and autumn (AugustÐOctober) migrations.
Captured resident and migrant birds were identiÞed to species, sexed, aged, bled and marked with a U.S. Serum Collection and Analysis. Blood was drawn from the jugular vein of hand-held birds. A 0.1 ml sample was drawn from small birds (gray catbirds, Dumetella carolinensis, and smaller), 0.3 ml from medium-sized birds (mourning dove, Zenaida macrourasize), and 1.0 ml from large birds (cattle egret, Bubulcus ibis, and larger). Blood from small birds was mixed with 0.4 ml of biological Þeld diluent (BFD) (90% minimum essential medium with HanksÕ salts (Sigma, St. Louis, MO), 10% fetal bovine serum (Intergen, Purchase, NY), 200U/ml penicillin (Sigma), 200 g/ml streptomycin (Sigma), 2.5 g/ml amphotericin B (Sigma), and 50 g/ml kanamycin (Sigma). Blood from medium-sized birds was mixed with 0.2 ml BFD, and blood from large birds remained undiluted. Samples were allowed to clot overnight at room temperature, centrifuged at 3,400 ϫ g for 30 min, and the resulting sera used for SLE HI assays. Selected sera also were tested for neutralizing (NT) antibody.
A micro-adaptation of the HI antibody test of Beaty et al. (1989) was used with a hemagglutinin (HA) prepared from a Florida human SLE virus isolate (TBH-28, FHRS, Tampa Brach Laboratory). The methodology for HI antibody testing is described in detail by Day et al. (1996) . Aliquots of all HI positive and 50% of negative sera were conÞrmed by a neutralization (NT) assay to SLE virus by the serial virus dilution method (Beaty et al. 1989 ). The challenge virus was a Florida isolate (SLE-P15, FHRS) obtained from a pool of Cx. nigripalpus. The methodology used for NT antibody testing is described in detail by Day et al. (1996) .
Mosquito Collection. The western portions of Indian River County are dominated by citrus groves intermixed with hammock ÔislandsÕ of southern live oak and cabbage palm (Day and Curtis 1994) . Dense ground cover makes these hammocks an excellent daytime resting site for Cx. nigripalpus of both sexes and females in all gonotrophic stages (Day and Curtis 1993) . For the years 1986 through 1991, at least three times per week, one 20-min collection was made approximately 2 h after sunrise with a portable ground aspirator along a transect at a hammock site 6.4 km southwest of Vero Beach (27Њ 38Ј N, 80Њ 27Ј W). Collected mosquitoes were sorted by species, categorized by sex and gonotrophic condition, and counted.
The Topographically Based Hydrology model. Hydrologic modeling follows the methods set forth in Shaman et al. (2002a) . We use a dynamic hydrology model (Stieglitz et al. 1997) , here referred to as the Topographically Based Hydrology (TBH) model, to simulate variations in water table depth (WTD) in the Vero Beach, Indian River County area. Mean area WTD provides an integrated measure of near surface soil wetness conditions. It is the rise and fall of the water table that determines where and when pools of water form at the land surface thereby creating potential mosquito breeding habitats. To model WTD, a suite of meteorological variables, including precipitation and temperature, area soil and vegetation type, and antecedent conditions must be accounted for so that evapotranspiration, water movement within the soil column, and river runoff can be quantiÞed. Topography also must be constrained if the ßow of water across the land surface, runoff rates, and the local convergence of water in lowlands (surface pooling) are to be modeled accurately. By using the TBH model, we are able to track these variables and simulate variations in the WTD.
The TBH model combines a soil column, which simulates the vertical movement of water and heat within the soil and between the soil surface plus vegetation and the atmosphere, with the TOPMODEL approach (Beven 1986a (Beven , 1986b Beven and Kirkby 1979) , which incorporates the statistics of topography to track the horizontal movement of shallow groundwater from the uplands to the lowlands. TOPMODEL formulations permit calculation of both the saturated fraction within the watershed (partial contributing area) and the groundwater ßow that supports this area from knowledge of the mean WTD and a probability density function for soil moisture deÞcit derived from topographic statistics. Using the TBH model, we can produce a three-dimensional picture of soil moisture distribution within a catchment. This approach to modeling the land surface has been validated at several catchments, ranging in scale from the Red Arkansas Basin (570,000 km 2 ) (Ducharne et al. 2000) to the Black Rock Forest catchment (1.34km 2 ) (Shaman et al. 2002b) .
Model Input and Validation Data. The TBH model is forced with an hourly record of precipitation, temperature, incident solar radiation, downwelling longwave radiation, surface pressure, mixing ratio, and wind speed. These hourly meteorological data were assembled from National Climate Data Center (NCDC) archives for Vero Beach, FL. Gaps in the record were Þlled with hourly data from NCDC archives for Melbourne and West Palm Beach. Solar radiation data were provided by the Northeast Regional Climate Center (NRCC) from analysis of the NCDC data using the NRCC solar energy model (DeGaetano et al. 1995) . Using TarDEM Version four routing freeware (Tarboton 2002) and subsequent analysis, topographic statistics for the Vero Beach area were generated from a 30m cell USGS National Elevation Dataset digital elevation model (DEM) of south-central Florida. Soil and vegetation types were derived from U.S. Department of Agriculture sources and personal inspection of the Vero Beach landscape.
The hydrology model was run from January 1984 through 1995, and provided a daily time series of mean WTD for the study area. Model validation was performed using groundwater well measurements and surface (canal) water levels, provided by the St. JohnÕs Water Management District and USGS sources. Partitioning of runoff and evapotranspiration matched bulk estimates derived from USGS sources (Sumner 2001) .
Organization of the Data. Weekly averages of modeled WTD, emergent Cx. nigripalpus, and total female Cx. nigripalpus were determined for 1990. Because the wild birds were banded and no repeat positives were included in this study, each serum analysis was treated as an independent measurement of SLE virus exposure within the general avian population. For each week a variable number of seroprevalence measurements was made, ranging from 0 to 73, depending on the number of captured birds. Each seroprevalence measurement then was deÞned as a categorical metric: one, if the bird tested seropositive; zero if it was seronegative. Before July, during the ampliÞcation/nesting season, when resident birds are not ranging far, an individualÕs location of infection might be inferred from its capture site and species. For instance, within the hammocks of south central Florida, nesting birds are predominantly northern cardinals (Cardinalis cardinalis) and blue jays (Cyanocitta cristata), whereas surrounding the hammocks is another population of nesting birds, in particular mourning doves (Zenaida macroura) and common grackles (Quiscalus quiscula). For this time period, we would have preferred to analyze the seroprevalence data by species and location of capture; however, too few serum collections were taken during the nesting season to permit such analysis. Consequently, analysis of the wild bird seroprevalence was performed in aggregate, irrespective of bird species and location of capture, for the whole of 1990.
Statistical Analysis. Multivariate logistic regression analysis was used to associate the probability of wild bird seroprevalence for SLE HI antibodies with different lags of weekly, modeled WTD and emergent or total female mosquito numbers. This logistic regression analysis was performed using log e (mosquito number caught per 20 min aspiration ϩ1). Whole model goodness-of-Þt was measured by log-likelihood ratio and the pseudo r-squared (uncertainty) coefÞ-cient. Individual parameter estimates were made by WaldÕs 2 test.
Results
Weekly modeled WTD and total female Cx. nigripalpus collections for 1990 are shown in Fig. 2 . A severe drought developed in the spring, as is seen by the drop of the water table. As simulated by the model, this represents the absence of moisture in near-surface soils and a reduction of standing surface waters and available Cx. nigripalpus breeding habitats. In midJune the drought broke and the land surface became wet through mid-October. Three periods of wetting are evident: a steep wetting from mid-June to the beginning of July; a second wetting in mid to late August; and a last sharp rise in October (Fig. 2) . These changes in WTD depict a fairly steady expansion of land surface wetness conditions conducive for widespread Cx. nigripalpus activity and oviposition. In association with these conditions, total Cx. nigripalpus female collections sharply increased from June through the beginning of September, and remained high until December, when the land surface again began to dry. Figure 3 presents the weekly time series of modeled WTD and emergent Cx. nigripalpus. As shown in Day and Curtis (1993) , emergences in 1990 began early in the season and continued until the end of the year. The Þrst emergence occurred during the driest period before the breaking of the drought, when water resources were most limited and Cx. nigripalpus were congregated in the collection hammock. There was no increase in the size of emergent broods through the season; however, the high frequency of emergences was a response to heavy rainfall (Day and Curtis 1993) and the near surface wetness conditions that permitted these rain waters to persist as widespread pools and puddles of standing water (as simulated by the TBH model). Figure 4 shows the weekly time series of tested wild birds and the number of birds testing positive for HI antibodies to SLE virus for the Þrst time. During August there was an increase in the percentage of captured birds that were seropositive. By September, high percentages of seropositive birds were captured weekly. The best-Þt logistic regression model using modeled WTD and emergent mosquitoes to predict the prevalence of antibody positive birds is presented in Table  1 . WTD is a highly autocorrelated quantity (the rise and fall of the water table is generally a slow process) and a number of lag combinations produce statistically signiÞcant empirical relationships when used in combination with Cx. nigripalpus emergence 4 or 5 wks prior. The best-Þt model includes low modeled WTD 15 wks prior (antecedent drought), high modeled WTD 1 wk prior (coincident wetting), and Cx. nigripalpus emergence Þve wks prior. The model shows that in 1990 such conditions favored seroprevalence in the wild bird population.
The abundance of weekly emergent mosquitoes during 1990 was somewhat periodic (see Fig. 3 ) and consequently also was autocorrelated. However, when used in conjunction with modeled WTD, it is not until a lag of four wks that a statistically signiÞcant association appears between emergence number and wild bird seroprevalence (data not shown). This lag period matches the approximate time needed for an emergent mosquito to blood feed on an infected wild bird, develop eggs, oviposit, complete extrinsic incubation of an acquired SLE virus infection, refeed on a susceptible wild bird and have that bird develop detectable HI antibody to SLE virus. For SLE virus in Florida, the appearance of HI antibody ranges between 8 and 18 d following infection (J.F.D., unpublished data).
Discussion
The empirical relationship found in our study shows that antecedent drought, coincident wetting and the emergence of Cx. nigripalpus were all associated with the increased prevalence of SLE virus in the wild birds of Indian River County in 1990. The strong association between antecedent drought and SLE virus prevalence among the wild birds supports Shaman et al. (2002a) , who suggested that drought brought nesting wild birds and mosquitoes together and facilitated ampliÞcation of the SLE virus.
The results presented here also indicate that transmission of SLE virus to wild birds was strongly linked to the emergence of Cx. nigripalpus during 1990. A 5-wk time lag between Cx. nigripalpus emergence and the appearance of SLE antibody in the wild birds provided the best model Þt. Shorter lags of one, two and three wks were not signiÞcantly associated with transmission of the SLE virus to wild birds (data not shown). Depending on ambient temperature, the SLE virus extrinsic incubation period in Culex nigripalpus likely ranges between 2 and 4 wk. Together, these facts indicate that emergent mosquitoes, having completed the extrinsic incubation of SLE virus, participated in the transmission of the virus to the wild birds.
Most likely, SLE virus ampliÞcation within the hammocks during May and June produced high enough infection rates among the wild birds and mosquitoes so that many of the July emergent Cx. nigripalpus were infected by feeding on birds that were still viremic. These infectious mosquitoes subsequently infected still more wild birds outside the hammocks, when the drought broke. Because the rains and wetting continued throughout the summer, cycles of emergent mosquitoes continued to appear until the end of September. This continual supply of new mosquitoes effected still more SLE virus transmission and maintained a high infectious rate among the wild birds. Each new cycle of emergent Cx. nigripalpus therefore fed on avian hosts that included recently infected wild birds with a high SLE viremia. Because SLE viremia sufÞ-cient to infect mosquitoes via a blood meal lasts only Ϸ48 h, a continuously active Cx. nigripalpus population was needed to maintain epizootic transmission levels. Older, surviving, multiparous mosquitoes also participated in this transmission cycle.
Our Þndings thus indicate another mechanism by which environmental conditions supported the 1990 SLE epidemic. Springtime drought facilitated ampliÞcation of the SLE virus within the hammocks, producing high numbers of infectious mosquitoes and wild birds. Continual rainfall, which began in July, then increased land surface wetness throughout the summer and early fall. This rainfall stimulated mosquito activity (Day and Curtis 1993) and the wetter land surface conditions increased the number of available Cx. nigripalpus oviposition sites. Reproduction and biting by Cx. nigripalpus continued unabated through the summer and early fall and sustained continued epizootic transmission of the SLE virus. Consequently, infection rates among the wild birds remained high, and newly emerged mosquitoes were consistently exposed to the SLE virus, resulting in unusually high mosquito infection rates (Shroyer 1991) and human SLE cases.
The role of the wild birds in these events also must be considered. The reproductive success of resident wild birds in Indian River County, FL was unusually high in 1990 (Day and Stark 1999) ; only resident wild birds tested positive for SLE HI antibodies (data not shown). Nesting northern cardinals and blue jays were abundant in the hammock sites and were likely the avian species that initiated the ampliÞcation phase of the 1990 SLE cycle. Mourning doves and common It appears that three factors conspired to produce the 1990 epidemic: (1) initial drought-induced SLE virus ampliÞcation within the hammocks; (2) a steady cycle of mosquito emergence and biting because of continued rainfall and wetting during the months following the drought; and (3) a large population of susceptible birds both within and outside of the hammocks. We hypothesize that together these three factors created and maintained an epizootic transmission cycle of SLE virus throughout the summer and early fall in Indian River County. Consequently, Cx. nigripalpus abundance, infection rates and biting rates remained high, and epidemic transmission to humans occurred.
Our conclusions also have a bearing on the observed lack of SLE virus transmission throughout Florida in 1991. Once infected with SLE virus, birds are immune to further infection and can no longer transmit the virus to susceptible mosquito vectors. Therefore, once an avian population has been exposed widely to SLE virus, population susceptibility is reduced and widespread ampliÞcation is less likely to occur during the following year. In 1991, the year following the 1990 south Florida SLE epidemic, Ϸ30% of the wild birds sampled had HI antibodies to SLE virus (Day and Stark 1999) . This reduced the probability of signiÞcant SLE virus ampliÞcation during the 1991 avian nesting season. Therefore, in spite of widespread Cx. nigripalpus abundance during the spring and early summer of 1991 (Day and Curtis 1993) , there was little evidence of SLE virus transmission later that year (Day 2001) . In addition, meteorological conditions during 1991 were wet throughout the entire year (see Shaman et al. 2002a , Fig. 2) , and the drought needed to restrict vector activity to hammock habitats during the avian nesting season was absent. Consequently, there was no ampliÞcation of the SLE virus in south Florida during 1991, despite an abundant vector population.
Many factors conspired to create the 1990 SLE epidemic in south Florida. We hypothesize that if the continual summer emergences of Cx. nigripalpus had been interrupted during 1990, perhaps because of drying conditions, the epizootic transmission of SLE virus might have abated. Without an active, early season epizoonosis, extensive epidemic transmission of SLE virus to humans would not have occurred. New Þeld collections of weekly seroprevalence rates among wild birds are needed both within and without hammock environments to further test these hypotheses.
